The relative abundances of benthic foraminifers from the Oman margin have been analyzed from ODP Sites 725 and 726 near the upper boundary of the oxygen-minimum zone (OMZ) and 728 near the lower boundary. The relative abundance pattern of the benthic foraminiferal species in the two shallow sites show synchronous changes, which, together with variations in the faunal composition, may be attributed to changes in the location of the upper boundary of the OMZ during the last 7 million years. At the deeper site, the relative abundance pattern shows considerable variation in the faunal composition during the last 8 million years. The strong dominance of the shallow-water species Ammonia beccarii during the early Pliocene at Site 728 suggests a water depth less than 400 m during the early Pliocene and subsequent subsidence during the middle and late Pliocene to the present > 1400 m water depth.
INTRODUCTION
A major part of ODP Leg 117 was dedicated to studying the continental margin off the coast of Oman (Fig. 1A) . The goal was to understand the origin and variability of organic-carbonrich sediments that result from the combined effects of monsoon-induced upwelling and the related OMZ. The main objectives of this study are to investigate the benthic foraminiferal fauna and, if possible, relate changes in the faunal assemblages to variations in the monsoonal and/or upwelling intensity.
The Geological and Oceanographic History of the
Oman Margin Much of the Oman margin is characterized by a narrow shelf bordered by an extremely steep continental slope, which is thought to be a mega-shear associated with formation of the margin (Whitmarsh, 1979; Stein and Cochran, 1985) . However, the margin between Ra's Sharbithat and Ra's Madrakah has a relatively wide continental shelf (about 80 km wide) and a series of linear sedimentary basins along the upper continental slope. These basins lie at water depths between 500 and 1500 m and thus accumulate sediments coincident with the intermediate water masses of the Arabian Sea.
One of the important features of the Arabian Sea oceanography is the active oceanic upwelling and enhanced biological productivity (Currie et al., 1973; Kuz'menko, 1974; Deuser et al., 1978; Prell and Curry, 1981; Naqvi et al., 1982; Quasim, 1982) . The cause of this high productivity may be attributed to an upwelling system driven by the southwest monsoon which reaches an acme in the summer months (Wyrtki, 1971; Krey and Babenerd, 1976; Prell and Streeter, 1982) . Resulting divergence and Ekman transport of surface water in a southeasterly direction allows deeper, nutrient-rich, waters to well up into the euphotic zone and promote high rates of primary and secondary productivity along the coast of Oman. The underlying sediments are partially composed of microfossils and organic matter that are produced in response to this euphotic activity.
The semi-enclosed character of the northwestern Indian Ocean and the resulting sluggish circulation of highly saline North In- 1 Prell, W. L., Niitsuma, N., et al., 1991. Proc. ODP, Sci. Results, 117: College Station, TX (Ocean Drilling Program) . 2 Deep Sea Geology Division, University of Stockholm S-106 91, Stockholm, Sweden.
dian Intermediate Water (NHW) together with high rates of productivity cause extremely low oxygen concentrations of less than 0.5 mL/L and form an oxygen minimum zone (OMZ) that extends from about 200 to 1500 m in the Arabian Sea (Wyrtki, 1971 (Wyrtki, , 1973 Slater and Kroopnick, 1984) . The most severe depletion of oxygen occur in the northern part of the Owen Basin (Price and Shimmield, 1987; Hermelin and Shimmield, 1990) .
Previous Work
The Recent benthic foraminiferal fauna in this area has been studied by Hermelin and Shimmield (1990) . They found that the benthic foraminiferal fauna was strongly related to the geochemistry of the sediment and the depositional environment. In short, their results revealed six different foraminiferal assemblages, each related to a specific depositional environment.
1. The species Bolivinapygmaea, Bulimina sp. 1, and Lenticulina iota are good indicators for organic-rich sediment deposited on the shelf in the upper bathyal zone within the upper part of the OMZ.
2. The benthic foraminiferal fauna in the lower part of the OMZ (middle bathyal zone), where the carbonate content is high, is dominated by the species Ehrenbergina trigona, Hyalinea balthica, Tritaxia sp. 1, and Uvigerina peregrina. 3. Just below the OMZ, in the lower bathyal zone, the fauna is dominated by Bulimina aculeata and Uvigerina hispida.
4. The depositional area furthest from the continent on the ridges and on the outer Indus fan (abyssal zone) is dominated by Bulimina aculeata, Oridorsalis umbonatus, and Uvigerina spinicostata.
5. The sediment deposited closer to the continent at the base of the continental slope and in the Owen Basin is characterized by a high content of hydrogenous metals in the fine-grained clay, and the benthic foraminiferal fauna is dominated by the arenaceous species Reophax bilocularis and Reophax dentaliniformis.
6. The Gulf of Oman, characterized by a largely terrigenous sediment type with (presumably) high sediment accumulation rates, exhibits a different faunal composition with the arenaceous form Cribrostomides wiesneri as the dominant species. The species Reophax bilocularis is also an important species in this depositional environment.
Other studies of Recent and late Neogene benthic foraminifers of this area are scarce, although some have been carried out in other parts of the Indian Ocean: Ninetyeast Ridge (Boltovskoy, 1978) ; southeast Indian Ocean (Corliss, 1979a, b) .
MATERIAL AND METHODS

Locations
A series of eight sites was drilled in the northwestern Arabian Sea on the continental margin off Oman. Three of these sites (725, 726, and 728) are discussed in this report.
Site 725 is located in 311 m of water at 18°29.200'N and 57°42.030'E ( Fig. IB) . It is near the upper limit of the OMZ, in a transitional zone between the continental shelf and the landward edge of a slope basin (Fig. 2) . Because of the location of this site at the shelf edge, winnowing of fine sediment can be expected.
Site 726 is located in 330 m of water at 17°48.945'N and 57°22.290'E on the continental shelf of Oman (Fig. IB) . It is positioned near the shelf-edge transition on the landward flank of a slope basin and, like Site 725, close to the upper limit of the OMZ (Fig. 2) .
Site 728 is located in 1436 m of water at 17°40.790'N and 57°49.553'E on the continental margin of Oman (Fig. IB) . That water depth correspond in this area to the lower part of the pronounced mid-water OMZ. The site is located in a deep slope basin formed by a narrow half-graben in what is presumed to be ophiolitic basement (Fig. 2) .
Benthic Foraminifers Approximately 10 cm 3 of sediment was washed through a 63 µm sieve and the larger fraction was dried. The larger fraction was thereafter dry-sieved through a 125 µm sieve, and the benthic foraminifers were picked from the larger fraction. The counting procedure consisted of splitting the > 125 µm fraction into an aliquot containing 300-400 specimens. Chang (1967) showed that identification of 300 randomly selected specimens from a larger assemblage provides a valid data base for statistical analysis, and that the results are not significantly improved by examining greater number of specimens. The specimens were then identified to species level, counted, and statistically analyzed. Note that the relative abundance calculated for Sites 725 and 726 is given in 5% -intervals (Table 1 and 2), whereas it is given to one decimal for Site 728 (Table 3) . All species recognized are presented in the "Systematic Paleontology" section and the most important species are figured on Plates 1-3. Additionally the number of specimens per cubic centimeter was calculated.
Age Models
The age models for Sites 725, 726, and 728 used here are based on biostratigraphic and paleomagnetic information from the Initial Reports of ODP Leg 117 . The "absolute" ages for nannofossil, radiolarian, planktonic foraminiferal datum levels, magnetostratigraphic boundaries, and zonal boundaries are derived from various sources. The datum markers used, their location in Sites 725, 726, and 728, and their age assignments with references are presented in Table 4 . In the Initial Reports of ODP Leg 117 , additional biostratigraphic datum levels were recognized but these were excluded here due to their unreliability as "absolute" age markers. Therefore, the age models used here are slightly different from those initially presented .
Sediment Accumulation Rates
The rate of sedimentation at Site 725 is calculated to be 11.1 cm/k.y. based on interpolations between the sediment-water interface and LAD Pseudoemiliania lacunosa (0.46 Ma) and extrapolations prior to the biostratigraphic boundary ( Fig. 3 ). Figure 2 . Bathymetry is from Mountain and Prell (1989) . The sedimentation rates at Site 726 were calculated as interpolations between the sediment-water interface, three calcareous nannofossil datum levels, one magnetostratigraphic boundary, and one planktonic foraminiferal datum level. The sedimentation rate is calculated to be 1.5 cm/k.y. prior to 3.5 Ma. In the interval 3.5-1.45 Ma the sedimentation rate decreases to 0.6 cm/k.y. whereafter it increases and varies between 5.7 and 2.5 cm/k.y. in the interval 1.45-0.0 Ma (Fig. 4) .
India
The rates of sediment accumulation in Site 728 were calculated as interpolations between the sediment-water interface, two magnetostratigraphic boundaries, two calcareous nannofossil datum levels, and two radiolarian datum levels. The sedimentation rate varies highly in the studied sequence with a sedimentation rate calculated to be 2.6 cm/k.y. prior to 5.70 Ma. It increases to 8.7 cm/k.y. in the interval 5.70-3.56 Ma, whereafter it decreases to 1.4 cm/k.y. in the interval 1.89-2.92 Ma. After 2.92 Ma the sedimentation rate increases again and reaches 4.2 cm/k.y. in the interval 0.46-Recent ( Fig. 5 ).
RESULTS
ODP Site 725
The analyzed section of Hole 725C represents Pleistocene through Recent. The number of specimens per cubic centimeter is variable at this site, with a high of nearly 28,000 and a low less than 10 ( Fig. 6) .
Analysis of the benthic foraminifers reveals three different faunal assemblages (Fig. 7) 
ODP Site 726
The analyzed section of Hole 726A represents Eocene through Recent, with a major hiatus between the Eocene and upper Miocene. The number of specimens per cubic centimeter is difficult to calculate for the Eocene sequence due to strong lithification. It is very high in the Miocene interval with frequencies of up to 50,000 specimens/cm 3 ( Fig. 8) . At the Miocene/Pliocene boundary the relative number of specimens decreases to about 10,000 specimens/cm 3 . At about 3 Ma another decrease in the number of specimens occurs, down to an average of about 1,500 specimens/cm 3 (it varies between 300 and 6,600) ( Fig. 8 ). The benthic foraminifers at Site 726 do not show any significant clustering into faunal assemblages through time, although significant variation in the relative abundance pattern of several species occurs.
The bottom part of the cored section (below 131.1 mbsf) is composed of partly dolomitized shallow-water limestone, greater than 96% carbonate. It contains abundant Eocene foraminifers with numerous nummulitiids. Among species recognized are Nummulites cf. planulatus and Nummulites cf. pratti. The presence of specimens of the genus Actinocyclina in a thin section from Sample 117-726A-16X-CC (148.1 mbsf) confirms this age.
Above the hiatus at 131.1 mbsf, the sediment is upper Miocene to Recent in age. In the interval 131.1-32.1 mbsf (approximately 7.5-0.7 Ma), it consists of a suite of organic-rich silty clays to marly nannofossil ooze to chalk with intercalated foraminifer-rich muds. The foraminifer-rich muds represent lag deposits and these form a composite lag bed in the lower part of this interval which is late Miocene in age. The lag deposits consist of phosphorite concretions, fish bones and fish teeth, and foraminifer tests with phosphatic incrustations. Genera present are Bolivina, Bulimina, and Uvigerina.
In the interval 121.4-111.8 mbsf (6.6-6.0 Ma), the benthic foraminiferal fauna is strongly dominated by Bolivina seminuda (relative abundance of about 95%) ( Fig. 9 ). The foraminiferal tests show signs of severe etching and occasional overgrowth.
In the interval 102. 1-73.2 mbsf (5.4-3.4 Ma), the benthic foraminiferal fauna is strongly dominated by Bolivina ordinaria. This species is also present above this interval, although in much lower frequency ( Fig. 9 ). Sample 9X-2, 57-59 cm (75.3 mbsf; 3.6 Ma) consists of a typical lag deposit with heavily abraded foraminifers, fish bones, and fish teeth with phosphatic incrustations together with phosphoritic concretions.
The interval above 68.7 mbsf (2.6 Ma-Recent) is characterized by relatively high percentages of the species Uvigerina peregrina. Other species are also present, if not in the entire interval, they exhibit single peaks in their relative abundance patterns at various time intervals. Species showing high relative abundances within this interval are Bolivina seminuda, Bolivina spathulata, Bulimina denudata, Buliminella elegantissima, Globobulimina spp., Lenticulina iota, and Trifarina angulosa (Fig. 9 ). This interval has a higher clay content and a higher content of organic carbon than the other intervals.
ODP Site 728
The analyzed section of Hole 728A represent the late Miocene through Pleistocene. The number of specimens per cubic centimeter is low in the Miocene/early Pliocene interval (about 100), increases slightly at 4.0 Ma, and reaches about 400 at approximately 2.5 Ma (Fig. 10 ). The benthic foraminiferal fauna at Site 728 shows great variation through time, and distinct faunal assemblages can be recognized. The interval 341.9-128 mbsf (7.9-3.9 Ma) is characterized by a late Miocene/early Pliocene assemblage dominated by Frondicularia sagittula, Hoeglundina elegans, Sphaeroidina bulloides, Sigmoilinopsis schlumbergeri, Uvigerina auberiana, and Uvigerina spinicostata. These species occur with high relative frequencies during this entire interval ( Fig. 11 ). Within this interval a faunal association restricted to the Miocene can be recognized. This Miocene assemblage is found between 341.9 and 260 mbsf (7.9-5.4 Ma) and includes the previously mentioned species, although it is dominated by Melonis barleeanum and Uvigerina peregrina (Fig. 12 ). In the lowermost samples of the interval the species Melonis pompilioides reaches very high relative abundances (>40.0%) whereas the relative abundance of Melonis barleeanum decreases significantly in the same samples ( Fig. 12 ). Other species reaching high relative frequencies during the late Miocene are Oridorsalis umbonatus and Sigmoilinopsis schlumbergeri. A distinctive early Pliocene assemblage dominated by Ammonia beccarii, Ehrenbergina trigona, and Pullenia bulloides occurs in the interval 260-128 mbsf (5.4-3.9 Ma) ( Fig. 13) .
The interval 128-0 mbsf (3.9 Ma-Recent) is characterized by a late Pliocene/Pleistocene assemblage dominated by Bolivina alata, Bolivina ordinaria, Bulimina aculeata, Bulimina truncana, Cassidulina leavigata, Gavelinopsis lobatulus, Globocassidulina subglobosa, and Hyalinea balthica (Fig. 14) .
Discussion
Several species present in the two shallow sites (Sites 725 and 726) show similarities in their relative abundances during the Pleistocene. Both appearances and disappearances as well as peaks in the relative abundance pattern for several species are synchronous, which might indicate regional environmental influences rather than local subsidence or uplift events.
The changes seen in the benthic foraminiferal assemblages as well as in the lithology indicate that the environment at Site 726 has changed through time. The Miocene and Pliocene sediments at this site are characterized by frequent lag deposits interbedded with hemipelagic sediments. There is abundant phosphorite, believed to indicate current winnowing whereby the finegrained fraction of the sediment is eroded away, concentrating the phosphorite initially into coarse-grained sediments and finally into nodular deposits at 1.66 Ma (63.60 mbsf). Above the lag deposit an almost 10-fold increase in the sediment accumulation rate from 0.6 cm/k.y. to 4.9 cm/k.y. occurs (see Fig. 4 ) as well as an increase in the planktonic/benthic ratio (Hermelin, unpubl. data) . The cause for these changes might include oscillations of the top of the oxygen minimum zone, fluctuations in the intensity of the oxygen depletion, sea-level variations, and/ or the development of counter-currents in the up welling system.
The strong dominance of Ammonia beccarii at Site 728 in the early Pliocene assemblage needs an explanation. The present depth of this site is 1436 mbsf, considerable deeper than most of the records of this species (Culver and Buzas, 1980; . Normally this species inhabits the uppermost bathyal and neritic zones (<400 m of water). There are three possible causes for this early Pliocene occurrence of Ammonia beccarii: (1) redeposition of material as a result of gravitational processes, (2) changes in the environmental preference of Ammonia beccarii, and (3) subsidence of the site.
One explanation for the presence of Ammonia beccarii would be the reworking of material from topographically higher areas. Slumps from higher areas creating sediment thicknesses of 100-150 m seem unlikely since sedimentological analysis indicates the sediment composition to be uniform, without turbidites, between 85 and 320 mbsf .
The second explanation would be a change in environmental preference of Ammonia beccarii. This seems unlikely since this species is known to be restricted to shallow-water environments and a change of the lower depth limit of over 1,000 m would certainly have been recognized elsewhere if true (Culver and Buzas, 1980; .
A third explanation would be tectonic movements that caused subsidence of Site 728. Site 728 was located in the upper bathyal zone during the late Miocene. The water depth decreased in the early Pliocene and Site 728 was relocated to the neritic zone. In the middle and upper Pliocene an increase in water depth to the present upper middle bathyal zone occurred. The relative abundance pattern seen in the benthic foraminiferal species supports to some degree this explanation. The species of the late Pliocene/Pleistocene assemblage {Bolivina alata, Bulimina aculeata, Bulimina truncana, Cassidulina laevigata, Gavelinopsis lobatulus, and Hyalinea balthica), are all indicative of environments deeper than 1000 m (Hermelin and Shimmield, 1990) , i.e., about the present water depth of Site 728.
The species present prior to 3.5 ± 0.2 Ma (the Miocene, the early Pliocene, and the late Miocene/early Pliocene assemblages) mostly indicate shallower marine conditions. The species Ehrenbergina trigona and Hoeglundina elegans, belonging to the early Pliocene and late Miocene/early Pliocene assemblages, respectively, are abundant in the modern Arabian Sea between 300 and 1500 m (see data for Sites 725 and 726; Hermelin and Shimmield, 1990) . The species Frondicularia sagittula (late Miocene/early Pliocene assemblage) is typical for the upper bathyal and neritic zones.
The presence of the suggested shallow-water early Pliocene assemblage relates well with a significant decrease in the planktonic/benthic ratio (Hermelin, unpubl. data) which together with the pattern seen in the benthic foraminiferal fauna supports the hypothesis of a significantly shallower location of Site 728 in late Miocene and early Pliocene. The increase in the water depth starts at this site at about 3.5 Ma.
The benthic foraminiferal faunas found at the three sites are all indicative of an area of upwelling. Changes in the faunal composition which occur through time may be attributed to changes in the upwelling/monsoonal intensity, but could as well be caused by Neogene tectonics of the Oman margin as seen at Site 728.
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SYSTEMATIC PALEONTOLOGY
The faunal reference list contains the preferred modern name of the species followed by its original name. Bermúdez, 1937, Soc. Cubana Hist. Nat., Mem., vol. 11, p. 238, pi. 20, fig. 3 . Orthomorphina spp. [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] [55] [56] [57] Philos. Trans., vol. 155, p. 421, pi. 19,  fig. 1 . Parafissurina spp. Planulina ariminensis d'Orbigny, 1826, Ann. Sci. Nat., ser. 1, vol. 7, p. 280, pi. 14, figs. 1-3. Planulina exorna Phleger and Parker, 1951, Geol. Soc. Am., Mem., vol. 46, pt. 2, p. 32, pi. 18, figs. 5-7. Plectofrondicularia floridana Cushman, 1930, Florida St. Geol. Surv., Bull., vol. 4, p. 41, pi. 8, fig. 1 . Plectofrondicularia sp. 1. Pleurostomella alternans Schwager, 1866 , Novara-Exped., Geol. Teil, vol. 2, p. 238, pi. 6, fig. 79. Pleurostomella brevis Schwager, 1866 . 6.0 3.9 7.6 6.2 2.2 1.9 6.8 10.4 11.9 8.9 4.2 5.4 8.8 9.4 9.5 5.9 10.2 9.4 6.1 9.9 2.3 4.7 8.5 5.7 5.7 11.9 8.6 9.8 21.0 6.7 7.5 3.0 11.5 6.0 2.0 3.1 2.5 6.0 2. Figure 5 . Age/depth relationships for biostratigraphic and magnetostratigraphic events in ODP Hole 728A. For a detailed listing of events, see Table 4 . 
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